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Abstract

There are no behavioral models for testing anxiety in amphibians, a group of animals widely used for developmental, ecotoxi-
cological, and genetic research. We aimed to validate two common rodent paradigms, the plus maze and the scototaxis test,
for use in the aquatic African clawed frog (Xenopus laevis). We predicted: (a) that frogs would prefer the dark, vs. light, por-
tions of the testing arenas (face validity), (b) that this behavior could be altered with acute administration of anxio-selective
drugs (construct validity), and (c) that time spent in the dark portions of the arenas would be positively correlated (predictive
validity). Prior to testing, frogs were treated with fluoxetine (selective serotonin reuptake inhibitor [SSRI]), desipramine
(serotonin- and norepinephrine-reuptake inhibitor), caffeine (methylxanthine, adenosine receptor antagonist, phosphodies-
terase inhibitor), saline, or were left unmanipulated. Each drug was administered acutely (1 h prior to testing; caffeine) or
subacutely (24, 3, and 1 h prior to testing; fluoxetine, desipramine) at one of three doses. Plus maze and scototaxis testing were
separated by 1 week; each frog completed both behavioral tasks and was treated with the same drug regimen prior to testing.
Overall, both tests showed face validity, however, data suggest these paradigms lack both construct and predictive validity.
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environment (Perusini and Fanselow 2015; Clinchy et al.
2011; Steimer 2011; Harris and Carr 2016), and this state
is experienced by multiple taxa, including nematode worms

SSRI  Selective serotonin reuptake inhibitor (Liu et al. 2018), crayfish (Fossat et al. 2014), fish (Stew-
TCA  Tricyclic antidepressant art et al. 2012), rodents (Walf and Frye 2007), and humans
(Craske et al. 2017). Anxiety, however, can be difficult to
define clinically, and diagnosis is often based on subjective
Introduction assessments, making studies of causes and consequences of

Anxiety is a complex and evolutionarily conserved (emo-
tional) state associated with predictable changes in behav-
ior that are generally dissociated from an external stimulus
(McNaughton and Zangrossi 2008). A state of anxiety can
arise from potential physical or psychological dangers in the
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anxiety difficult. The National Institute of Mental Health has
proposed the use of Research Domain Criteria (RDoC) to
better classify and define emotions and psychopathologies.
The RDoC framework uses multiple biomarkers to develop
specific constructs associated with psychological conditions
to better understand and diagnose the physiological pheno-
types of human behaviors and mental disorders (Insel 2014).
The goal of this framework is that, in the future, biomarkers
will be used to understand the distinguishing etiology of
such conditions (Cuthbert and Insel 2013). It holds great
promise, but due to ethical and logistical constraints, it is
often difficult to completely study the biological underpin-
nings of anxiety in humans. Thus, using animal models to
manipulate and measure anxiety and corresponding bio-
markers is critical (Blanchard et al. 2013; Anderzhanova
et al. 2017). In addition, by developing multiple animal
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models of anxiety, and thus having evolutionary (cross-spe-
cies) validity, we will be able to elucidate the core traits and
behaviors associated with various forms of anxiety (Kalueff
et al. 2012; Stewart and Kalueff 2015).

Behavioral paradigms to assess anxiety in rodents are
common and include the elevated plus maze, open- field
test, light/dark (scototaxis) test, vogel conflict, and condi-
tioned fear test (Griebel and Holmes 2013). The (elevated)
plus maze test and the scototaxis (light/dark) test are the
most widely used and extensively validated unconditioned
response paradigms for studying the physiological and
neural underpinnings of anxiety and the effects of anxio-
selective drugs in rodents (Pellow et al. 1985; Bourin and
Hascoét 2003; Carobrez and Bertoglio 2005; Maximino
et al. 2011; Griebel and Holmes 2013; Kumar et al. 2013).
However, data from human and rodent studies cannot pin-
point the individual roles the prefrontal cortex and the limbic
system play in aspects of anxiety as in these species both
brain regions are important for this emotional state (David-
son 2002; Ressler and Mayberg 2007). In amphibians the
limbic circuitry is conserved and operates independently of
a brain cortex, allowing us to examine in an isolated way the
subcortical pathways involved in initiating and maintaining
anxiety (Sokolowski and Corbin 2012; Carr 2015).

To date, no amphibian anxiety behavioral paradigms
exist. Here, we aimed to validate two different anxiety
behavior assays, the plus maze test and the scototaxis test,
for use in the aquatic amphibian the African clawed frog,
Xenopus laevis. Assessing the validity of an animal behav-
ioral model is critical for making data comparable between
laboratories and across species, and thus is crucial for trans-
lational research (van der Staay et al. 2009; Maximino et al.
2010a; Blanchard et al. 2013; Stewart and Kalueff 2015).
Therefore, to develop any animal model/behavioral para-
digm, we must first assess its face, construct, and predictive
validity (Willner 1984; Treit et al. 2009; Nestler and Hyman
2010; Belzung and Lemoine 2011; Goswami et al. 2013;
Steward and Kalueff 2015). To do so, we use the validity
definitions of Walf and Frye (2007).

The plus maze and scototaxis are ethological conflict-type
tests (Kumar at el. 2013) and rely on innate light—dark pref-
erence. For light—dark-based anxiety tests, validation studies
typically involve administering anxiogenic (e.g., caffeine,
carbon dioxide, sodium lactate) or anxiolytic agents (e.g.,
selective-serotonin reuptake inhibitors [SSRI], tricyclic
antidepressants [TCA], benzodiazepines, or alcohol) prior
to behavioral testing with the expectation that these agents
will alter the amount of time spend in the light (anxiogenic
agents should decrease; anxiolytic agents should increase)
(Belzung and Griebel 2001; Treit et al. 2009; Kumar et al.
2013). In humans, SSRIs are the frontline therapeutics
(Hoffman and Mathew 2008) for treating multiple types of
anxiety. Thus, scientifically valid animal models of anxiety
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should be sensitive to SSRIs (Borsini et al. 2002). Both the
plus maze and the scototaxis test are clinical representations
of the most common form of anxiety: generalized anxiety
disorder (Griebel and Holmes 2013). Given that general
anxiety disorder is routinely treated with serotonin-modi-
fying drugs (e.g., SSRIs, SHT-1A agonists, TCAs; Zohar
and Westenberg 2000; Griebel and Holmes 2013), and that
acute and chronic administration of these drugs can be effec-
tive in rodent models (see Borsini et al. 2002; Griebel and
Holmes 2013), we chose to use an SSRI and a TCA in our
study. Additionally, SSRIs and TCAs are both effective in
the treatment of many types of anxiety and both are safer
than benzodiazepines (Lembke et al. 2018), but SSRIs can
treat a wider range of anxiety types (Zohar and Westenberg
2000). Caffeine is one of the most consumed psychoactive
drugs in the world (James 1997) and can act as an anxi-
ogenic agent (Smith 2002).

Thus, our goals were to determine whether (1) the plus
maze and scototaxis behavioral paradigms pass face valid-
ity in Xenopus laevis and (2) these behavioral paradigms
show construct and predictive validity in this species. Using
anxiolytic (one SSRI and one TCA) and anxiogenic (caf-
feine) drugs, we determined if behavior in the plus maze
and scototaxis test can be predictably altered. In addition to
time in light/dark and entries into sections, we measured air
gulps and thigmotaxis. We predicted that anxious animals
would take fewer air gulps, as data in goldfish (Matsuda
et al. 2013), zebrafish (Egan et al. 2009; Sackerman et al.
2010; Blaser and Rosemberg 2012), and X. laevis (Duggan
et al. 2016) suggest that anxious aquatic animals spend more
time away from the surface. We chose to categorize loca-
tion position because thigmotaxic, or wall hugging, is typi-
cally assessed in anxiety assays as animals naturally tend
to stay closer toward walls and avoid the open spaces i.e.
they are centro-phobic (Simon et al. 1994; Treit et al. 2009;
Kumar et al. 2013). For example, larval zebrafish exposed
to caffeine, versus controls, spent more time at the tank
edge (Richendrfer et al. 2012). This behavior is relevant
for zebrafish (Maximino et al. 2010b) and likely relevant
for X. laevis as Prater and colleagues recently showed that
Xenopus injected with the anxiogenic peptide corticotropin-
releasing factor increased time on the edge of the tank com-
pared to unmanipulated frogs (Prater et al. 2018). Overall,
we predicted that (1) control animals would spend the great-
est duration of time in the dark portion of the testing arenas
and, in the scototaxis test, spend a higher proportion of scans
in the edge section (face validity), (2) in treated animals,
compared to vehicle controls, fluoxetine- and desipramine-
treated frogs would be less anxious (i.e., perform more air
gulps, spend more time in the light portions, and in scoto-
taxis in the center), while the caffeine-treated frogs would
be more anxious (i.e., perform fewer air gulps, spend more
time in the dark portions, and in the scototaxis at the edges)
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(construct validity), and (3) time spent in the dark arm of
plus maze would be positively correlated with time in the
dark portion of the scototaxis test (predictive validity).

Methods
Animals

Xenopus laevis is a primarily aquatic frog species inhabiting
freshwater ponds over a wide geographic area of Southern
Africa. The frog remains submerged for most of its life and it
can be preyed upon by birds, snakes, otters, and bass (Chan-
ning 2001). X. laevis is generally more active at night and
feeds on a variety of slow-moving invertebrates as well as
members of its own species (Measey et al. 1998). X. laevis
is a good choice for a model organism for several reasons.
The behavioral traits that are drawn from light—dark testing
are considered to be phylogenetically conserved and can be
seen across vertebrates, thus we expect these same behaviors
to be present and robust in frogs. Additionally, genetic tools
are available for this species (Tandon et al. 2016) and these
tools could be useful for targeting specific biomarkers (but
see Stewart et al. 2014). Finally, because of their environ-
mental sensitivity and trophic importance, amphibians are
good models for studying environmental disruptions (Hop-
kins 2007), and SSRIs, in particular, are a pharmaceutical
and personal care product (PPCP) contaminant of concern
for aquatic wildlife in general (Silva et al. 2012; Simmons
et al. 2017). X. laevis is a widely used model organism in
ecotoxicology (Gendron 2013), making a high throughput
lab model of anxiety in X. laevis beneficial to regulators,
environmental scientists, and other stakeholders assessing
the SSRI and other PPCP risk to aquatic wildlife. If our
model is supported, it could be helpful for understanding
comparative neuroendocrinology, for investigating the neu-
ral and endocrine bases of human disease and psychopathol-
ogy, and for ecotoxicology and PPCP studies.

Juvenile X. laevis, purchased from Xenopusl (#4208
post-metamorphic frogs; Dexter, MI, USA), were group
housed in a 175.26 cmx41.91 cm X 55.88 cm trout tank
(25 lux; Living Stream Systems, Frigid Units, Inc., Toledo,
Ohio, USA) filled to between 25 and 50% max volume with
deionized water conditioned with 0.3 g/L Instant Ocean
(Spectrum Brands, Blacksburg, VA, USA). A total of 123
frogs were tested under our experimental paradigm. Final
body mass averaged across all frogs was 6.91 g (range:
2.05-18.90), final snout vent length was 3.88 cm range:
(1.40-5.20). Housing and testing were carried out in the
same animal room (750 lux). We maintained lighting con-
ditions at 12L:12D with lights off at 2 PM. Group housing
stocking density ranged from 1 to 70 frogs, and frogs were
group housed for 7 to 180 d prior to testing. Frogs received

3—4 pellets of post-metamorph frog brittle (Nasco, Atkin-
son, WI, USA) approximately 3 times per week after tank
cleaning was performed. After completion of the behavioral
experiments, frogs were euthanized in MS-222 (3 g/L dH,0)
matched with equal parts sodium bicarbonate (NaHCO5,),
incisions were then made through the abdominal lining and
muscle, and the frogs were fixed in 10% buffered formalin.
Following 48 h in the fixative, frogs were rinsed in water
and dissected to determine the sex of each animal (here: 71
males, 47 females, 5 undetermined; for sample size and sex
per treatment group please see Tables 1 and 2) as frogs are
not sexually dimorphic at this age and size (Carr et al. 2003).
All procedures performed in studies involving animals were
in accordance with ethical standards of the institution and
were approved by the Texas Tech University Institutional
Animal Care and Use Committee; Texas Tech University is
an Association for Assessment and Accreditation of Labora-
tory Animal Care accredited institution.

Experimental design

Approximately 48 h prior to plus maze testing, frogs were
isolated into individual clear plastic housing contain-
ers (50 lux; 30.48 cm X 15.24 cm %X 20.32 cm), filled with
3.5 L of conditioned water (0.3 g InstantOcean/L dH,0);
frogs remained isolated in individual tanks for a total of
10 d. Frogs were treated with their respective drug regi-
men (n="7-9 per treatment) on a standardized schedule (see
details below). Frogs received one of three drugs, given at
high, medium, or low dose (see below), or control saline
(0.6% NaCl) injection, matched to drug injection time
course, or no manipulation. Each frog was tested in only
one treatment group. Throughout this protocol, frogs were
fed and tanks were cleaned every 2-3 days depending on
the day of the week. To ensure being placed in new water
did not alter behavior (O’Neill et al. 2018), all frogs were
allowed to acclimate for 10 min prior to plus maze testing
and scototaxis testing (see details below) and behavior was
subsequently recorded for 14 min. The plus maze test was
followed by the scototaxis test 7 d later. All tests were car-
ried out during the light portion of the daily cycle, between
9 AM and 2 PM. Behavioral trials were video recorded for
later scoring. Due to video equipment failures and lighting
system malfunction, not all frogs have data for each behav-
ioral test. Out of the total 123 frogs, 111 trials from the
plus maze testing and 97 trials from the scototaxis testing
were scorable; a total of 85 frogs completed both behavioral
assays.

Plus maze arena

The plus maze tests were carried out in 1 of 3 identical
hand-built plus mazes (Fig. 1) measuring 30 cm (total
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Fig.1 Arial view of the custom-built aquatic plus maze in the test-
ing chamber. Frogs were given 10 min to acclimate in the water sur-
rounding the tank and were then carefully placed into the center for
the start of the test

length across) X 5.5 cm (arm width) X 12.5 cm (arm
height), placed inside of a clear open plastic container
(58.4 cmx41.3 cmx31.4 cm), filled with 10 L of con-
ditioned water (0.3 g InstantOcean/L dH,0); tempera-
ture was recorded prior to each test. Plus maze arms
(LxWxH; 12.5 cmX5.5 cmXx 12.5 cm) were painted
black (5 lux) or left clear (95 lux); arms of the same color
were placed on opposing sides. This testing arena design
was based on the arena used for aquatic crayfish (Fossat
et al. 2014). Each piece was cut from Plaskolite polysty-
rene sheeting (thickness 0.127 cm) and secured together
using waterproof, 100% silicone sealant (Momentive
Performance, Inc., Huntersville, NC, USA). Acclimation
in the plus maze was carried out by allowing the frog to
freely swim inside the container of water but outside of
the plus maze, for 10 min prior to testing. Immediately
following acclimation, frogs were placed in the center of
the plus maze and recordings began.

Scototaxis arena

The scototaxis tests were carried out in 1 of 2 identical
scototaxis arenas which were standard 40 L glass tanks
(Fig. 2), 50.8 cm (length) X 25.4 cm (width) Xx31.75 cm
(height), with the outside painted half white (50 lux)
and half black (15 lux) with spray paint. Design of the
scototaxis tank was based on published experiments in
zebrafish (Maximino et al. 2007, 2010b, 2011). For test-
ing, we filled the tank with 10 L of conditioned water
(0.3 g InstantOcean/L dH,0) and recorded temperature
prior to each test. Acclimation in the scototaxis tank was
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Fig.2 Arial view of the custom-built scototaxis testing chamber.
Frogs were given 10 min to acclimate within an opaque tube in the
center and were then allowed to swim freely during testing

carried out by placing the frog into an opaque gray circular
plastic tube (diameter =7.5 cm) in the center of the tank,
for 10 min prior to testing. Immediately following accli-
mation, the tube was carefully lifted up out of the tank,
allowing the frog to become mobile and recordings began.

Drug administration

Drugs were administered via dorsal lymph sac injection
(Foxon and Rowson 1956) using a 31G insulin syringe (BD
Insulin Syringes, Franklin Lakes, NJ, USA). Injection vol-
ume was based on body mass and was given at a volume of
16 mL/kg. All drugs were dissolved in 0.6% saline (0.6 g
NaCL into 100 mL sterile pyrogen-free, molecular biol-
ogy grade water), aliquoted, and stored a —20 °C until use.
Injection aliquots were warmed to room temperature prior
to injection. To our knowledge, no study to date has injected
frogs with anxio-selective drugs and, therefore, we used data
from rodents (see Borsini et al. 2002) and zebrafish (Danio
rerio; Stewart et al. 2011a) to determine dosage and time
course. Drugs were chosen based on the amount of previous
data for comparison in these paradigms.

Caffeine

Anhydrous caffeine (27602, Sigma Aldrich, St. Louis, MO,
USA), is a non-selective antagonist of adenosine receptors
(Daly et al. 1994). Caffeine was injected immediately prior
to the 10-min acclimation time. Time course was based on
studies in zebrafish (Maximino et al. 2011) and mice (Jain
et al. 1995). Low (5 mg/kg), medium (10 mg/kg), and high
(15 mg/kg) doses were used. Our initial doses were much
higher (150, 100, and 50 mg/kg) and were based on those
found to be anxiogenic in zebrafish (100 mg/kg injection;
Maximino et al. 2011) and rats (50 mg/kg injection; Hughes
et al. 2014), but we subsequently lowered those doses due to
the lethal effects of the higher doses.
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Desipramine

Desipramine hydrochloride (D3900, Sigma Aldrich, St.
Louis, MO, USA), at low (1 mg/kg), medium (10 mg/kg),
or high (20 mg/kg) dosage was injected 24, 3, and 1 h prior
to testing. Dosages were based on multiple rodent studies
(see Borsini et al. 2002). Desipramine is a tricyclic antide-
pressant (TCA), classified as a secondary amine tricyclic, is
a moderately selective inhibitor of the norepinephrine trans-
porter and the serotonin transporter (Vetulani et al. 1976;
Charney et al. 1984). Desipramine is an older drug used to
treat anxiety but has been used extensively in animal para-
digms (see Borsini et al. 2002), making it a good choice for
comparison to other studies.

Fluoxetine

Fluoxetine hydrochloride (F132, Sigma Aldrich, St. Louis,
MO, USA) was injected 24, 3, and 1 h prior to testing at
one of three dosages: low (5 mg/kg), medium (10 mg/kg),
and high (20 mg/kg). Fluoxetine is a canonical SSRI and
second-generation antidepressant (Sommi et al. 1987) and
is routinely used to treat many anxiety disorders (Zohar and
Westenberg 2000; Griebel and Holmes 2013). While several
studies have used chronic administration of SSRIs, various
others have successfully used acute (1 administration) or
subacute (3 administrations) time courses to alter behavior
(see Borsini et al. 2002; Table Supplemental 1).

Behavioral scoring

Behavioral videos were manually scored using EthoVi-
sion XT (v13, Noldus Information Technology, Wagenin-
gen, The Netherlands). One scorer analyzed all plus maze
videos and another scorer analyzed all scototaxis videos;
both scorers were blind to the frog treatment groups during
scoring. Behaviors scored and analyzed for the plus maze
included each of the following: number of entries into each
arm, time spent in each arm, and number of air gulps. For
comparison with other studies, we also determined percent
time in the light arm (light duration/[light duration + dark
duration] x 100).

Behaviors scored and analyzed in the scototaxis test
included: duration of time in the dark half, duration of
time in the light half, duration of time in the initial start
location (only scored initially), number of entries into each
tank half, number of air gulps, and duration of time float-
ing at the surface. Only 14 frogs (4 caffeine treated, 5
desipramine treated, 5 fluoxetine treated), out of the 97,
spent any time floating at the surface, and thus this behav-
ior was not analyzed statistically. In addition to durational
and count data, we also performed instantaneous scans
every 30 s to the determined location (center portion of

tank or around edges) and locomotion (swimming or not
swimming); these data were used to calculate the propor-
tion of scans (out of 28) for each measure. In fish, thig-
motaxis can be defined as time at tank edge, thrashing,
stereotypy, or escape behavior (see Blaser et al. 2010),
but here we used the classical definition as time at the
tank edges. In the present study, we used a rectangular
tank and thus the edge zones on all sides of the tank fol-
low a mean distance from the wall (6.5 cm). We predicted
that frogs would generally spend a greater proportion of
scans in the edge zone vs the center, and that treatment
with caffeine would increase time in edge zones whereas
treatment with fluoxetine or desipramine would decrease
time in edge zones.

Statistical analyses

Data from a total of 111 frogs were included in the analy-
sis for the plus maze and data from 97 frogs were avail-
able for the scototaxis test scoring. Data were analyzed via
non-parametric Wilcoxon signed-rank and Kruskal-Wal-
lis analysis as residuals of the dependent variables failed
tests of normality and various transformations (log and
square root) did not improve normality as assessed by
Shapiro Wilkes. For Kruskal-Wallis tests, effect sizes are
presented as eta squared (;12), X2/(N —1); Wilcoxon signed-
rank test effect sizes are reported as r, Z/ \/IV (Rosenthal
1994). To test our first question, whether control frogs
would spend more time in dark portions (plus maze: dark
arm, scototaxis: dark half), we used a Wilcoxon signed-
rank test to determine if the duration of time in light vs.
dark differed in the control animals. Also, we used a
Kruskal-Wallis test to compare the three control condi-
tions (unmanipulated, saline for caffeine, saline for antide-
pressant) against one another to determine if the injection
protocol impacted behavior. Next, we performed separate
Kruskal-Wallis tests for each drug to determine the impact
on behaviors, and each analysis contained 5 groups (unma-
nipulated, saline injected, dose 1, dose 2, and dose 3).
Lastly, because we found no impact of dosage or control
manipulation, we collapsed drug doses and control groups
to form 4 groups (all control, all caffeine, all desipramine,
all fluoxetine) and compared the three drugs treatments
to controls. Finally, because no groups differed, we com-
pared time in light and dark for all frogs using a Wilcoxon
signed-rank test. After analyzing data from each behavio-
ral test, we ran a Pearson’s correlation between time spent
in the dark sections (arms or half) to determine if frogs
behaved consistently in each test and a Spearman’s rho to
determine if air gulping behavior was consistent. When
comparing across groups, we determined if the propor-
tion of scans during which the frog was located in the
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center differed. But, when we determined if frogs preferred
the edge over the center we used a Chi-squared goodness
of fit to determine if the proportion of time at the edge
was significantly greater than 0.64 because in our arena
roughly 64% of the total area was edge whereas only 36%
was center. Even though we had clear a priori predictions,
we still used multiple statistical tests and comparisons for
each study. Therefore, we followed the recommendation of
Benjamin and colleagues (Benjamin et al. 2018) and have
set an alpha of 0.05 as suggestive and 0.005 as significant.

Results
Plus maze behavior
Controls

Among all control animals (unmanipulated, saline caffeine,
saline antidepressant), median duration of time spent in the
dark arms was significantly greater than that in the light
arms (Z=3.14, P=0.002, N=26, r=0.62; see Table 1 for
all plus maze behavioral data, see Figs. S1-S4 for graphi-
cal representation of time in light data). Duration of time
spent in the dark arm did not differ among control condi-
tions (X?=0.50, P=0.975, df=2, N=26, 57 =0.02). Control
conditions did not differ in number of entries into the dark
arm (X*>=1.47, P=0.480, df=2, N=26, > =0.06), number
of entries into the light arm (XZ: 1.43, P=0.489, df=2,
N=26, 772 =0.06), percent of time in light arms (X2 =0.05,
P=0.975, df=2, N=26, 7]2< 0.01), or number of air gulps
(X*>=1.81, P=0.404, df=2, N=26, 5 =0.07). Thus, it did
not appear that the injection protocol impacted behavior.

Caffeine

Duration of time spent in the dark arm did not differ among
caffeine treatment groups (X>=1.25, P=0.869, df=4,
N=48, n”=0.02). Caffeine treatment conditions did not alter
the number of entries into the dark arm (X2 =0.19, P=0.995,
df=4, N=48, 172=0.004), number of entries into the light
arm (X>=0.44, P=0.979, df=4, N=48, n* <0.01), percent
of time in the light arm (X2 =1.25, P=0.869, df=4, N=48,
#*=0.02), or number of air gulps (X>*=1.53, P=0.820,
df=4, N=48, 7>=0.03).

Desipramine

Duration of time spent in the dark arm did not differ among
desipramine treatment groups (X>=0.72, P=0.948, df=4,
N=45, n”=0.02). Desipramine treatment did not alter the
number of entries into the dark arm (X2= 6.46, P=0.167,
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df=4, N=45, n”=0.15), number of entries into the light
arm (X>=3.78, P=0.437, df=4, N=45, *=0.09), percent
of time in the light arm (X>=0.73, P=0.948, df=4, N=45,
;72=0.02), or in number of air gulps (X2=3.61, P=0.461,
df=4, N=45,7>=0.08).

Fluoxetine

Duration of time spent in the dark arm did not differ among
fluoxetine treatment groups (X2 =5.02, P=0.286, df=4,
N=45, r]2 =0.11). Fluoxetine treatment conditions did not
differ in number of entries into the dark arm (X2 =3.53,
P=0.473, df=4, N=45, 172 =0.08), entries into the light
arm (X*=2.52, P=0.640, df=4, N=45, n*=0.06), per-
cent of time in the light arm (X2 =5.07, P=0.286, df=4,
N =45, ;12 =0.12), or number of air gulps (X2 =8.47,
P=0.076, df=4, N=45, 5> =0.19).

Collapsed groups

Among all animals (unmanipulated, saline, caffeine, anti-
depressant), the median duration of time spent in the dark
arms was significantly greater than that in the light arms
(Z=6.53,P<0.001, N=111, r=0.62). Collapsed treatment
condition did not impact duration of time spent in dark arms
(X*>=0.82, P=0.843, df=3, N=111, 5 =0.007) or number
of air gulps (X?=3.68, P=0.298, df=3, N=111, #*=0.03).
Groups did not differ in percent of time spent in light arms
(X>=0.84, P=0.840, df=3, N=111, 4> <0.01) or number
of entries into the light arm (X2: 3.58, P=0.311, df=3,
N=111, 172 =0.03); there was a trend for number of entries
into the dark arm, but the result did not reach significance
(X>=7.42,P=0.06, df=3, N=111, 5 =0.06).

Scototaxis test behavior
Controls

Among all control animals combined (unmanipulated, saline
caffeine, saline antidepressant), median duration of time
spent in the dark side was suggestive with time spent in
the dark marginally greater than in the light side (Z=1.90,
P=0.058, N=23, r=0.40). Combined, control frogs spent
more time at the edges that would be expected by random
chance (X2 =30.58, P<0.001, N=23,), and spent more
time not swimming/inactive versus swimming (Z=4.23,
P<0.001, N=23, r=0.88). Among control conditions, dura-
tion of time spent in the dark half did not differ (X>*=0.267,
P=0.875, df=2, N=23, *=0.01; all scototaxis data shown
in Table 2, see Figs. S5-S8 for graphical representation of
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time in light data); neither did time spend in the initial mid-
dle spot of the tank (X2=0.172, P=0.917,df=2, N=23,
7*=0.007). Controls did not differ in the number of air
gulps (X?=0.596, P=0.742, df=2, N=23, 5*=0.03), pro-
portion of scans in the center (X2 =0.575, P=0.750, df=2,
N=23, 5=0.02), or proportion of scans spent swimming
(X*=5.56, P=0.062, df=2, N=23, 1*=0.25). Control ani-
mals did not differ the number of entries into the light half
(X*=0.28, P=0.868, df=2, N=23, *=0.01) or dark half
(X*=0.16, P=0.923, df=2, N=23, n*=0.007). Thus, over-
all, it does not appear that saline injection altered behavior.

Caffeine

Duration of time spent in the dark half did not differ among
caffeine treatment groups (X2 =1.36, P=0.851, df=4,
N=37, 172 =0.03); neither did time spend in the initial mid-
dle spot of the tank (X2=2.94, P=0.568, df=4, N=317,
n*=0.08). Caffeine treatment did not alter the number of
air gulps (X*=4.35, P=0.361, df=4, N=37, *=0.12), pro-
portion of scans in the center (X2=4.91, P=0.297, df=4,
N=37, n”=0.14), or scans spent swimming (X* = 8.43,
P=0.077, df=4, N=37, 172 =0.23). Caffeine treatment did
not alter the number of entries into the light half (X>=2.05,
P=0.726, df=4, N=37, *=0.06) or dark half (X*=3.61,
P=0.461, df=4, N=37,7*=0.10).

Desipramine

Duration of time spent in the dark half did not differ among
desipramine treatment groups (X2 =1.41, P=0.842, df=4,
N=43, 172 =0.03); neither did time spend in the initial mid-
dle spot of the tank (X2= 1.07, P=0.899, df=4, N=43,
#*=0.03). Desipramine treatment did not alter the number
of air gulps (X*>=3.32, P=0.506, df=4, N=43, ”=0.08),
proportion of scans spent in the center of the tank (X>=7.26,
P=0.123, df=4, N=43, 172 =0.17), or proportion of scans
spent swimming (X?>=1.31, P=0.859, df=4, N=43,
#*=0.03). Desipramine treatment did not alter the number
of entries into the light half (X2=3.1 1, P=0.539, df=4,
N=43, *=0.07) or dark half (X*?=2.01, P=0.734, df=4,
N=43, 1”=0.05).

Fluoxetine

Duration of time spent in the dark half did not differ among
fluoxetine treatment groups (X2 =2.11, P=0.715, df=4,
N=42, n””=0.05); neither did time spend in the initial mid-
dle spot of the tank (X2= 1.83, P=0.765, df=4, N=42,
7*=0.04). Fluoxetine treatment did not alter the number
of air gulps (X>=2.03, P=0.728, df=4, N=42, n*=0.05);

proportion of scans in the center (X2 =3.21, P=0.523, df=4,
N=42, 5 =0.08) or proportion of scans spent swimming
(X*=3.71, P=0.447, df=4, N=42, 1*=0.09). Fluoxetine
treatment did not impact the number of entries into the light
half (X*>=1.87, P=0.758, df=4, N=42, 5”=0.05) or dark
half (X?=0.87, P=0.929, df=4, N=42, *=0.02).

All frogs and collapsed groups

Among all animals (unmanipulated, saline, caffeine, anti-
depressant) combined, median duration of time spent in the
dark side was significantly higher than that in the light side
(Z=4.67,P<0.001, N=97, r=0.47). Overall, all frogs dis-
played more thigmotaxis than would be expected by random
chance (X2 =27.78 P<0.001, N=97), and spent more time
not swimming/inactive vs. swimming (Z=28.58, P <0.001,
N=97,r=0.87). Collapsed treatment conditions (all control,
all caffeine, all desipramine, all fluoxetine) did not impact
duration of time spent in dark half (X2= 7.23, P=0.067,
df=3, N=97, 172= 0.08), nor did they impact time spend
in the initial middle spot of the tank (X2 =2.01, P=0.569,
df=3, N=97,*=0.02). Collapsed treatment groups did not
differ from one another in the number of air gulps (X*>=1.86,
P=0.601, df=3, N=97, 112 =0.02); proportion of scans in
the center (X*=2.01, P=0.571, df=3, N=97, 7=0.02) or
proportion of scans spent swimming (X>=2.20, P=0.528,
df=3, N=97, 5>=0.02). Collapsed groups did not dif-
fer in the number of entries into the light half (X2= 3.68,
P=0.298, df=3, N=97, n*=0.04) or dark half (X?=4.32,
P=0.229, df=3, N=97, 1*=0.05).

Correlation between plus maze and scototaxis test

Even though in both tests frogs preferred the dark tank sec-
tions over the light, surprisingly, there was no correlation
between time spent in the dark arm of the plus maze and
time spent in the dark half of the scototaxis tank (Pearson’s r;
r=0.138, P=0.209, N=85; Fig. 3). However, a suggestive
result in number of air gulps was found as they were posi-
tively correlated between tests (Spearman’s tho; p=0.257,
P=0.018, N=85). Additionally, the number of air gulps was
positively related to number of entries into the dark portion
for the plus maze (Spearman’s rho; p=0.427, P<0.001,
N=111) and the scototaxis test (Spearman’s rho; p =0.485,
P <0.001, N=97), and suggestively related to the num-
ber of entries into the light portion (plus maze: p=0.390,
P=0.018, N=285; scototaxis: p=0.362, P<0.001, N=97).
Suggesting that frogs that are moving around the tank during
testing more take more breaths, and thus that air gulps may
not be representative of anxiety in this species.

@ Springer
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Discussion

Frogs prefer dark to light areas: behavioral
paradigms have face validity

Our aim was to determine if the (submerged) plus maze and
scototaxis paradigms are valid behavioral assays for assess-
ing anxiety behavior in frogs. We predicted that (1) control
animals would spend the greatest duration of time in the dark
portion of the testing arenas and, in the scototaxis test, spend
a higher proportion of scans in the edge section (face valid-
ity), (2) in treated animals, compared to vehicle controls,
fluoxetine- and desipramine-treated frogs would spend more
time in the light, and in scototaxis in the center, while the
caffeine-treated frogs would spend more time in the dark,
and in the scototaxis at the edges (construct validity), and (3)
time spent in the dark arm of plus maze would be positively
correlated with time in the dark portion of the scototaxis test
(predictive validity). When conditions were collapsed, frogs
spent significantly more of their time in the dark compared
to the light portions of the tank in both behavioral para-
digms, but there was no statistical difference between time
spent in dark and light portions among any of the treatment
groups vs the control animals in either test. Additionally,
when looking at control frogs only, they did not spend sig-
nificantly more time in the dark in the scototaxis arena, but
they did in the plus maze. Frogs treated with caffeine did not
increase time in dark portions or time at the edge (scototaxis
only), and frogs treated with fluoxetine and desipramine did
not increase time spent in light portions or center (scototaxis

@ Springer
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only). No treatment altered the number of entries into either
the light or the dark section of the arenas. In the scototaxis
test, frogs spent significantly more time at the edge versus
the center and not swimming/immobile versus swimming as
measured by instantaneous scan. Thus, overall, we were able
to show that frogs prefer dark tank sections to the light tank
sections and that in the scototaxis test frogs prefer the edges
to the center and spend more time not swimming/immobile,
suggesting that individually both tests have face validity.
However, we were not able to alter this preference with drug
administration suggesting our paradigms failed in terms of
construct validity. Moreover, some of the frogs showed low
levels of locomotion (scototaxis) and exploratory behavior
(both tests), as measured by entries into light/dark tank sec-
tions. It should be noted that in this species sitting immobile
is a common behavior and thus this traditional rodent marker
of anxiety-like behavior may not be informative here. How-
ever, thigmotaxis behavior may be relevant. Additionally,
and somewhat surprisingly, the duration of time spent in
the dark arms of the plus maze was not correlated with the
duration of time spent in the dark portion of the scototaxis
test, suggesting these paradigms also lack predictive validity.

Possible explanations for why plus maze
& scototaxis failed predictive validity
and experimental design considerations

Initially, we were surprised that time spent in the dark por-
tion of the arenas by each frog was not positively correlated
across test paradigms. However, upon greater inspection of
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the literature, it appears this seems to be a common finding
when multiple paradigms are compared. For example, when
assessing anxiety in zebrafish, Blaser and Rosemberg (2012)
found that two common tests—the tank diving test and the
scototaxis test—assess different aspects of anxiety and may
assess different constructs (see also Maximino et al. 2012).
Additionally, even though the plus maze and open field are
both unconditioned response paradigms based on the avoid-
ance of lit areas, factor analysis in various rodent studies
has shown they do not produce a common anxiety-related
factor (File 1991; Trullas and Skolnick 1993; Ramos et al.
1997, 1998; Vendruscolo et al. 2003) and thus may get at
different aspects of anxiety-like behavior. Additionally, in
Lewis rats, chlordiazepoxide had anxiolytic effects in the
plus maze but not in the open field (see Ramos 2008). The
reasons for lack of correlation when using individual data
are unclear but may stem from a few major issues. First, it
is important to realize these behavioral paradigms are tests
of state (i.e., situational) anxiety and not trait anxiety per se
and thus behavioral outcomes could differ from one point in
time to the next based on intra-individual differences (see
Lister 1990; Ramos 2008). Thus, while we found that in
both tests frogs preferred the dark portion, behavior was
variable across testing days and data were more variable
in the scototaxis test than in the plus maze. Second, it may
be important to assess various anxiety test paradigms as
partially overlapping constructs where manipulation (e.g.,
genetic, drug, environmental) may influence performance in
one test but not in another (see Fig. 1 in Ramos 2008). Third,
even though we used published methods to design our arenas
(Maximino et al. 2007, 2010b, 2011; Fossat et al. 2014), the
set-up here might not have been ethologically relevant for
our frogs. Xenopus are nocturnal and juvenile frogs of this
species tend to live in muddy ponds and are preyed upon
by predators located in the water, at the water’s edge, and
in the air. Thus, using fully open dark arm and dark tank
side design might have impacted frog behavior. Addition-
ally, testing during the light versus the dark period may have
influenced results, but we chose to test in the light so we
could maximize the contrast between the light and dark tank
sections (also see Maximino et al. 2010c for the rationale
of testing zebrafish in these paradigms during lights-on).
Future studies should determine if different testing arenas
or time of day of testing impact outcomes. Lastly, there was
considerable variation in behavioral data among frogs, while
behavioral variation is not uncommon and can be important
(e.g., Williams 2008) it may make finding effects more dif-
ficult. However, recent data suggest that individual behaviors
are repeatable in amphibians (Duggan et al. 2016; Kelleher
et al. 2018). In future trials, using the triple test paradigm
proposed by Ramos and adding more individuals may help
to address these issues (Ramos et al. 2008).

Possible explanations for why anxio-selective drugs
did not alter behavior

The exact reasons why our drug treatments did not alter frog
behavior is unknown, but theoretically at least, it could be
due one of many reasons, including the drug classes used
(e.g., SSRI and TCA vs benzodiazepine), a ceiling effect of
behavior, the time course of injection, the drug doses, or the
neural correlates of anxiety in amphibians. Benzodiazepines,
namely diazepam, were the gold standard for anxiety models
for many years, but this class of drugs is only truly effective
for human generalized anxiety disorder (see Rodgers et al.
1997). While many studies have used these GABA-modify-
ing drugs to test the construct validity of anxiety behavior
assays, several studies have determined the efficacy of sero-
tonin-modifying drugs and TCAs in unconditioned response
anxiety paradigms with both chronic and acute administra-
tion (Griebel 1995; Borsini et al. 2002; Varty et al. 2002;
Griebel and Holmes 2013). However, SSRIs can have dif-
ferent effects on anxiety-like behaviors (see Borsini et al.
2002), including anxiolytic (Kurt et al. 2000), anxiogenic
(Kshama et al. 1990), and ineffective (Beaufour et al. 1999),
and some of these results differ by time course. Acute and
chronic fluoxetine or desipramine treatment can produce
different results with no consistent result as to which time
course or dose is more effective (see Table S1); it is possible
that chronic administration would be effective in X. laevis.
More studies are warranted to better understand the efficacy
of these drugs in animal models if we hope to bridge the
translational divide between animal models and emotional
disorders in humans (Lampis et al. 2011).

In addition to not seeing a reduction in anxiety-like
behaviors with fluoxetine and desipramine, we did not see an
anxiogenic response following administration of caffeine. In
zebrafish, acute caffeine treatment (100 mg/L of tank water)
can produce anxiogenic effects in the novel tank test (Egan
et al. 2009; Wong et al. 2010) and in the scototaxis test
(100 mg/kg injection 10 min prior to test, Maximino et al.
2011; 100 mg/L tank water, Stewart et al. 2011b). Acute
high-doses of caffeine are anxiogenic in rodents (see Correa
and Font 2008 for review), however, various authors have
also noted anxiolytic effects of caffeine (see Introduction of
Hughes et al. 2014). In our study, caffeine did not appear to
be anxiogenic or anxiolytic, but a ceiling effect may have
occurred. Control frogs spent a large portion of their time
in dark sections of the tank: median 835 out of 840 possible
seconds in the dark arms of the plus maze, median of 662
out of 840 possible seconds in the dark half of the scototaxis
tank. Thus, it may not have been possible to increase the
time in dark arms under these conditions.
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Comparative discussion of role of serotonin
in neural underpinnings of anxiety

Given that our dosages and time course of fluoxetine, desip-
ramine, and caffeine treatments all failed to elicit changes in
behavior it is possible that the dose or time course was not suf-
ficient, or that these drugs do not impact anxiety-like behav-
iors in X. laevis. Doses were spread over ranges and were
chosen as they have been shown to be effective in rodents and
zebrafish (see Table S1), but, as mentioned above, duration
of administration may play a role. Additionally, it is possible
that species differ in drug metabolism, a phenomenon which
is important for variability of response to drugs in humans
(Cregg et al. 2013). The neural substrates and brain regions
underlying anxiety are highly evolutionarily conserved (Shin
and Fishman 2002; Adhikari 2014; Carr 2015;) and are pre-
sent, in at least some form, in animals ranging from lampreys
to primates (Loonen and Ivanova 2015; Tovote et al. 2015).
Based on the available literature, it seems unlikely that X.
laevis have neural circuits underlying anxiety that are com-
pletely different from other organisms. For example, X. laevis
has a well-developed raphe nucleus from an early age (van
Mier et al. 1986) suggesting that the chemoarchitecture for
serotonergic involvement in anxiety is present in the brain.
Moreover, fluoxetine has been shown to act as a serotonin
reuptake blocker in Xenopus tropicalis (long-term housing in
1 or 10 pg/L tank water; Berg et al. 2013), although there does
appear to be age- and/or stage-dependent sensitivity in this
species. Additionally, it is likely that serotonin plays a role in
anxiety across both invertebrate (Tierney 2018) and vertebrate
(Lowry et al. 2005) taxa. For example, conserved anxiety-
related neural network and signaling have been established
in nematodes (Liu et al. 2018), zebrafish (Jesuthasan 2012),
and rodents (Tovote et al. 2015), and human anxiolytic drugs
have been effective in these models. Nematodes treated with
the SSRI sertraline (Zoloft) no longer responded to preda-
tor threat (Lui et al. 2018), and slugs treated with fluoxetine
were more likely to seek out a parasitic nematode than were
untreated slugs (Morris et al. 2018). Both behaviors could
be consistent with reduced anxiety (increased riskiness), and
these data suggest fear and anxiety pathways are conserved
and that SSRIs work on invertebrates. Data from fishes show
both benzodiazepines and serotonin-modifying drugs can
produce anxiolytic effects (Stewart et al. 201 1a; Brodin et al.
2013; Brooks 2014; Simmons et al. 2017). Interestingly acute
injection of the benzodiazepine chlordiazepoxide (15 ug/g)
into the crayfish (Procambarus clarkia) was anxiolytic in the
plus maze, whereas acute injection of serotonin (5 pg/g) was
anxiogenic as it increased light avoidance behaviors (Fos-
sat et al. 2014), thus suggesting that increases in serotonin
may not always be anxiolytic. In mice, two distinct dorsal
raphe-derived serotonergic sub-systems differentially impact
anxiety-like behavior and challenge-coping behavior (Ren
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et al. 2018), suggesting global manipulation of serotonin may
not target anxiety specifically and may explain discrepancies.
Finally, it does not appear that the anxio-selective effects of
these drugs are due to solely to cortical versus limbic system
processing as they have produced effects in other taxa that
lack cortical development. Studies using additional seroto-
nin-modifying compounds and benzodiazepines in X. laevis
would be illuminating.

Conclusion

In summary, we showed the (submerged) plus maze and
scototaxis test have face validity in juvenile Xenopus laevis
as frogs spent more time in the dark versus the light por-
tions of the arena in both tests. Even though our behavior
paradigms did not appear to pass conventional construct
validation with three classes of anxio-selective drugs they
may still be useful. For example, it is important to ask what
can be learned about novel treatments or underpinnings of
anxiety when these classical drugs fail (Rodgers et al. 1997;
Ennaceur 2014). In rodents, the plus maze is highly sensitive
to benzodiazepines but results with SSRIs are mixed (see
Ennaceur 2014), despite this discrepancy the plus maze is
still regarded as a valid and gold-standard anxiety test for
rodents and it is known that SSRIs are effective for anxiety
clinically. When human clinical use of antidepressant drugs
for anxiety treatment began to rise in the 1990s, many of the
traditional rodent behavior paradigms that were developed
for use with benzodiazepines were not sensitive to antide-
pressants and thus these drugs were labeled as non-effective
or even anxiogenic (Treit et al. 2009). This highlights the
pitfalls of using select classes of drugs as the gold stand-
ard as this approach can be overly restrictive and limit the
discovery of new drugs (see Treit et al. 2009). Similarly, it
has been argued that with the absence of complex under-
standing of what biological substrates drive various anxiety
states in humans, it is unwarranted to disregard an animal
model just because it does pass pharmacological validation
(construct validity) using a specific set of traditional drugs
(Rodgers et al. 1997), thus creating a catch 22 for valida-
tion studies. Building on our studies using different condi-
tions, for example, adding treatment with benzodiazepines,
additional serotonin-modifying drugs, priming frogs with
a stressor (Clinchy et al. 2013; Fossat et al. 2014; Duggan
et al. 2016), altering the arena set-up, conducting tests in
the dark, or incorporating novel classes of anxiolytics [e.g.,
3,4-methylendioxymethamphetamine [MDMA]; fatty acid
amide hydrolase [FAAH] inhibitors (Gaetani et al. 2003);
psychedelics (Carhart-Harris et al. 2018); gallic acid (Man-
souri et al. 2014), or other peptides (Rotzinger et al. 2010;
Harris et al. 2019)] could be beneficial for understanding the
neural bases of anxiety.
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